Introduction {#s1}
============

Idiosyncratic drug-induced liver injury (DILI) is a major health problem. It is an important cause of morbidity and mortality following the drugs taken in therapeutic doses. Hepatotoxicity is a major obstacle in drug development and may lead to withdrawal or restricted use, even after approval.[@b1] Its incidence is estimated at 19 cases per 100,000 per year.[@b2] Moreover, DILI accounts for 2--5% of patients requiring hospitalization for jaundice and 10% of cases of hepatitis in all adults.

DILI ranges from an asymptomatic elevation in transaminases to severe hepatitis and acute liver failure.[@b3] The pathogenesis of DILI is due to a combination of host, drug metabolite and environmental factors.[@b1] A genome-wide association study suggested an association between the human leukocyte antigen class II and susceptibility to DILI.[@b4] The treatment for DILI is largely supportive. Hepatic inflammation is a common feature of DILI and is attributed to the innate immune response followed by an effect on adaptive immunity, resulting in liver damage.[@b5],[@b6] The T helper cell-mediated immune responses were implicated in the pathogenesis.

Acetaminophen (APAP) is a commonly used antipyretic and analgesic agent. APAP overdose and the resulting hepatotoxicity may lead to fatal hepatotoxicity.[@b7] APAP accounts for up to 50% of all adult cases of acute liver failure in the USA.[@b8] About two-thirds of the adult overdoses are associated with suicide attempts, but the rest are inadvertent, often due to the long-term chronic use.[@b8],[@b9] In pediatric populations, the majority of the APAP overdoses are unintentional. APAP toxicity at the therapeutic doses of \<4 g/day were reported due to unknown contributing factors.

APAP-mediated liver injury is not directly caused by the drug itself, but by a formation of the toxic metabolite, N-acetyl-p-benzoquinone imine (NAPQI), generated through cytochrome P-450.[@b9] Glutathione is an endogenous antioxidant, and its hepatic stores combine with the toxic metabolite to prevent liver cell injury. When glutathione stores are depleted by overproduction of NAPQI, it binds to liver cell proteins thereby inducing hepatic necrosis.[@b9] Studies have suggested a role for the host immune response in the pathogenesis of APAP hepatotoxicity.[@b10]

Cytokine production by the activated Kupffer cells, variation in the expression of the lymphocyte CD44 gene and natural killer T cells (NKT) were all suggested to play a role in the APAP-associated liver injury.[@b11]--[@b14] N-acetylcysteine (NAC) is the most effective and only drug to prevent progression to liver failure with APAP hepatotoxicity.[@b15] Treatment with NAC has been shown to increase glutathione levels.[@b16] However, its therapeutic window is narrow, and in order to be effective its administration should take place within several hours of ingestion, a period of time during which many patients are still asymptomatic.[@b9]

The HMG-CoA reductase inhibitors (statins) are widely prescribed drugs. Up to 3% of the patients will develop mild elevations in serum aminotransferases; however, clinically overt DILI is rare.[@b17] A prospective study of 1,188 cases of DILI attributed 22 cases to statins. The latency to onset of liver injury ranged from 34 days to 10 years, with the average peak alanine aminotransferase (ALT) levels being 892 U/L and of total being bilirubin 6.1 mg/dL. DILI from statins typically presents with an acute hepatocellular liver injury pattern, although mixed or cholestatic injury patterns have also been reported.[@b17],[@b18] Cases of severe hepatotoxicity show autoimmune phenotypes, which is mediated by an effect on the immune system and cell membranes.[@b19]--[@b24]

The aim of the present study was to determine the ability to reduce APAP- and HMG-CoA reductase inhibitors-mediated liver injury by using a formulation that combined glycosphingolipids with the active molecule.

Methods {#s2}
=======

Animals {#s2-1}
-------

Male C57Bl/6 mice (12-weeks-old) were obtained from the Harlan Laboratories (Jerusalem, Israel) and maintained in the Animal Core of the Hadassah-Hebrew University Medical School. To determine the mechanism of action and dependency on NKT, CD1d^−/−^ mice from a C57Bl/6 background were kindly provided by Dr. L. Van Kaer (Vanderbilt University, Nashville, TN, USA). The J-α-18 KO mice were kindly provided by Dr. M. Taniguchi (Riken Research Center for Allergy and Immunology, Yokohama, Japan). All mice were used at 11--12 weeks of age and were maintained in the Animal Core of the Hadassah-Hebrew University Medical School. All the mice were administered standard laboratory chow and water *ad libitum* and kept in a 12-h light/dark cycle. Animal experiments were carried out according to the guidelines of the Hebrew University-Hadassah Institutional Committee for Care and Use of Laboratory Animals, and with the committee's approval. Experiments were repeated twice for parts B and C (see below in the *Experimental groups* subsection).

Preparation of glycolipids {#s2-2}
--------------------------

β-glucosylceramide (GC) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). The GC was dissolved in a mixture of 30% Cremophor (Sigma, Rehovot, Israel) and ethanol (1:1) in phosphate-buffered saline (PBS). GC was orally administered at a dose of 1 mg/kg.

Preparation of APAP {#s2-3}
-------------------

APAP (Tiptipot liquid; CTS Group, Tel-Aviv, Israel) was administered intraperitoneally in a dose of 500 mg/kg dissolved in Cremophor.

Preparation of statins {#s2-4}
----------------------

Simvastatin was dissolved in water and orally administered at 5 mg/kg daily.

Experimental groups {#s2-5}
-------------------

**Part A:** to assess the protective effect of GC on APAP-mediated liver damage. Five groups of mice, 15 per group, were studied. The mice in all the groups were fasted for 8 h before APAP administration. The mice were treated with GC \[100 mcg, per os (PO)\] 2 h before (Group B) or 2 h after (Group C) APAP administration. The mice in the control group (Group A) were treated with PBS via oral gavage. CD1d^−/−^ mice (Group D) and J-α-18 deficient mice (Group E) were treated with PBS via oral gavage.

**Part B:** to assess the protective effect of GC and vitamin E on APAP-mediated liver damage. To determine the synergistic effect of GC and vitamin E in APAP-induced liver injury, four groups of mice injected with APAP intraperitoneally (IP) were treated with vitamin E alone (125 mg/dose, α-Tocopherol; Cat. No. 258024; Sigma) or GC alone (PO), or with a combination of GC with vitamin E (PO). Treatments were administered prior to APAP. The control group received APAP alone.

**Part C:** to assess the protective effect of GC on statin-mediated liver damage. C57Bl/6 mice were treated with simvastatin (1.25 mg/day) for 8 weeks via oral gavage. The mice were divided into three groups treated concomitantly with PBS via oral gavage (Group A), 100 mcg/dose of GC IP (Group B), or via oral gavage (Group C).

Assessment of the effect of β-glycosphingolipids on liver injury {#s2-6}
----------------------------------------------------------------

Serum was collected and assayed for serum ALT and aspartate aminotransferase (AST) 24 h after the APAP administration. Pathological sections were prepared from all the mice in all the groups at the end of the study, and were stained with hematoxylin and eosin. Caspase 3 staining was performed on the liver sections to determine the antiapoptotic effect of the treatment using anti-caspase 3 antibodies (Cat. No. c8487; Sigma).

Assessment of the effect of β-glycosphingolipids on the immune response {#s2-7}
-----------------------------------------------------------------------

**Isolation of splenocytes and hepatic lymphocytes:** Splenocytes and hepatic lymphocytes were isolated as previously described.[@b25],[@b26] Approximately 1 × 10^6^ cells/mouse liver were recovered.

**Flow cytometry for lymphocyte subsets:** Flow cytometry was performed following the lymphocyte isolation using 1 × 10^6^ lymphocytes in 100 μL PBS. To determine the percentage of NKT lymphocytes, PE-Cy5 anti-mouse CD3 and PE anti-mouse NK1.1 PE-conjugated CD25-specific (PC61) antibodies were used (eBioscience, San Diego, CA, USA). CD4 and CD8 subsets were detected using PE-Cy5 anti-mouse CD3 and PE-anti-mouse CD4 or CD8 antibodies. The data were analyzed using either the Consort 30 two-color contour plot program (Becton Dickinson, Oxnard, CA, USA) or the CELLQuest 25 program.

**Determination of cellular glutathione activity:** Cell lysates were prepared as follows: 2 × 10^6^ cells were collected by centrifugation at 1,000 *g* for 10 m at 4°C. The cells were lysed by homogenization in 1--2 mL of cold buffer containing 50 mM MES (pH 6--7) and 1 mM EDTA. Centrifugation at 10,000 *g* for 15 m at 4°C was performed and the supernatant was assayed for glutathione using a commercially available kit (QuantiChrom™ Glutathione Assay Kit, DIGT-250; Bioassay Systems, Hayward, CA, USA).

**Phosphorylation of STAT3 and JNK:** Splenocytes were lysed in RIPA buffer containing 50 mM Tris, pH 7.4, 1% NP-40, 150 mM NaCl, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate and protease inhibitors cocktail (5 μL/mL; Sigma). Lysates were centrifuged and protein concentration was determined by Bradford assay (Bio-Rad, Hercules, CA, USA). Proteins were detected with phospho-specific STAT3 and JNK (Cell Signaling, Danvers, MA, USA). β-actin (Abcam, Cambridge, UK) was used as loading control. All blots were developed with horseradish peroxidase-conjugated secondary antibodies (Jackson Laboratory, Bar Harbor, ME, USA) and Western Blot-Luminol Reagent (Santa Cruz Biotechnology, Dallas, TX, USA).

**Serum cytokines:** The serum levels of tumor necrosis factor-alpha (TNF-α), tumor growth factor-beta (TGF-β), and interleukin (IL)17 were tested in all the groups using a commercially available enzyme-linked immunoassay kit (Genzyme, Cambridge, MA, USA).

Statistical analysis {#s2-8}
--------------------

The comparison of two independent groups' means was performed using a two-sided student's *t* test. A *p* value smaller than 0.05 was considered statistically significant.

Results {#s3}
=======

Protective effect of glycosphingolipids on APAP-mediated liver injury {#s3-1}
---------------------------------------------------------------------

[Fig. 1](#f01){ref-type="fig"} shows the protective effect of GC on APAP-mediated damage. Panel A shows a significant decrease in the ALT serum levels noted in the mice treated before (Group B, 5222 IU/L) or after (Group C, 5034 IU/L) APAP administration, as compared to the untreated controls (Group A, 12150 IU/L, *p* \<0.05; *n* = 7). Panel B shows a marked improvement in the histological damage with a decrease in the cell necrosis of the GC-treated mice. A marked decrease in caspase 3 is shown in the GC-treated groups, which may support a decrease in cell apoptosis.

![Protective effect of β-glucosylceramide from APAP-mediated liver damage.\
The mice were treated with GC before (Group B) or after (Group C) injection of APAP, and compared to the controls (Group A) (\**p* \<0.05). (**A**) Mice were followed to determine changes in ALT serum levels. (**B**) Representative liver sections from the mice in all the groups stained with hematoxylin and eosin, and shown at 10× and 20× magnifications. Arrows mark the areas of APAP-associated liver damage. The liver sections were stained for caspase 3 to assess the effect of the treatment on liver apoptosis.](JCTH-6-127-g001){#f01}

[Fig. 2](#f02){ref-type="fig"} shows a significant decrease in the intrahepatic NKT (Panel A). Interestingly, no damage was noted in CD1d^−/−^ or in the J-α-18 KO mice (data not shown), further supporting a role for the NKT in mediating the damage. Panel B shows a decrease in JNK phosphorylation in the mice in Group B, with a moderate decrease in the mice in Group C. The beneficial hepatoprotective effect of GC was associated with a significant increase in the liver glutathione levels as shown in Panel C, and with a decrease in the TNF-α serum levels noted in the mice in Group C.

![Effects on NKT, JNK expression, glutathione and TNF-α.\
(**A**) FACS analysis was conducted for intrahepatic the NKT in all mice in all groups. (**B**) Western blot analysis of the JNK expression on the liver sections from three mice from each group. (**C**) Assessment of the effect of the treatment on the glutathione levels in the liver. (**D**) Assessment of the effect of the treatment on the TNF-α serum levels. \**p* \<0.05.](JCTH-6-127-g002){#f02}

Synergistic effect of vitamin E and GC in APAP-mediated liver damage {#s3-2}
--------------------------------------------------------------------

[Fig. 3](#f03){ref-type="fig"} shows a synergistic effect between GC and vitamin E in liver protection. While GC exerted some liver protection, the combination of GC with vitamin E exerted a marked alleviation of the APAP-mediated liver damage when administered prior to induction of damage, as seen in Panel A (*p* \<0.05). The histological sections show a marked improvement of liver damage in the GC with vitamin E-treated mice, as compared to the mice treated with GC alone. Vitamin E had only minimal effect on histology (data not shown).

![Synergistic effect of β-glucosylceramide with vitamin E on alleviation of the APAP-mediated liver damage.\
(**A**) Mice were followed to determine the changes in the ALT serum levels. (**B**) Representative liver sections from mice in all the groups stained with hematoxylin and eosin, and shown at 10× and 20× magnifications. \**p* \<0.05.](JCTH-6-127-g003){#f03}

Protective effect of glycosphingolipids on statin-mediated liver injury {#s3-3}
-----------------------------------------------------------------------

[Fig. 4](#f04){ref-type="fig"} shows the beneficial effect of both the oral and IP administration of GC. Panel A shows a significant decrease in the ALT and AST serum levels of the GC-treated mice (*n* = 7). Panel B shows a marked decrease in the cell necrosis in the histological sections from GC-treated mice.

![Protective effect of β-glucosylceramide from statin-mediated liver damage.\
Mice were treated with IP GC (Group B) or oral GC (Group C) after injection of APAP and compared to the controls (Group A). (**A**) Mice were followed for the effect of the treatment on the ALT and AST serum levels. (**B**) Representative liver sections from mice in all the groups stained with hematoxylin and eosin (20× for control, 10× for treated). \**p* \<0.01.](JCTH-6-127-g004){#f04}

[Fig. 5](#f05){ref-type="fig"} shows that the beneficial effect of GC was associated with a decrease in intrahepatic NKT and splenic CD3^+^CD8^+^ subsets of lymphocytes (Panel A). Panel B shows a significant decrease in the IL17 serum levels, along with a significant increase in the TGF-β serum levels in the treated mice (*p* \<0.01). Panel C shows an increase in STAT3 phosphorylation in livers of orally treated mice, but a decrease in the IP-treated ones.

![Effect of therapy on subsets of T lymphocytes.\
(**A**) FACS analysis was conducted for the intrahepatic NKT and for splenic CD3^+^CD8^+^ in all mice in all the groups. (**B**) Assessment of the effect of treatment on the TGF-β and IL17 serum levels. (**C**) Western blot for STAT3 expression in the liver, conducted on two mice from each group. \**p* \<0.01.](JCTH-6-127-g005){#f05}

Discussion {#s4}
==========

The results of the present study support the ability to alleviate APAP- and statins-mediated liver injury by the administration of glycosphingolipids. Glycosphingolipids were previously shown to exert a beneficial effect in several immune-mediated liver disorders.[@b19]--[@b22],[@b24],[@b27]--[@b34] The preliminary data suggest their potential beneficial effects on humans.[@b35] An NKT- and an immune environment-dependent mechanism may lay at the basis of their immunoprotective effects.[@b22]--[@b24],[@b33],[@b36]

In the present study, we showed a significant improvement in the hepatocellular injury and an improvement in the histological damage in the mice treated with GC before or after APAP administration. The hepatoprotective effect may be mediated via a decrease in liver apoptosis demonstrated by a decrease in caspase 3 staining in the liver, along with a significant increase in the liver glutathione levels, and a decrease in the TNF-α serum levels.

The present data show that a significant decrease in the intrahepatic NKT occurred in the GC-treated mice, and a lack of APAP-mediated damage in the CD1d^−/−^ or in the J-α-18 mice, further supporting a role for NKT in APAP-mediated damage. While their role in liver damage is still being debated, studies have shown that both the natural killer cells and NKT play a role in the APAP-induced liver injury by producing interferon-gamma (IFN-γ) and modulating chemokine production and recruitment of neutrophils into the liver.[@b37],[@b38] Depletion of both the natural killer and NKT cells by anti-NK1.1 significantly protected mice from APAP-induced liver injury.[@b39] Part of these effects was attributed to the solvent used.[@b14] Recent studies have shown an elevated ketone body production in the NKT-deficient mice, which results in an increased CYP2E1-mediated APAP biotransformation and susceptibility to APAP-mediated damage.[@b13]

A decrease in JNK phosphorylation was noted in the GC-treated mice. APAP induces JNK signaling and activates the caspase-9-3-dependent cell death pathway.[@b40] JNK activation promotes cell death and APAP-liver injury.[@b41] The amelioration of APAP hepatotoxicity is associated with inhibiting the JNK signaling pathway, and it is associated with reducing hepatocyte necrosis, blocking generation of reactive oxygen species, inhibiting oxidative stress, and reducing apoptosis.[@b42]

A synergistic effect between GC and vitamin E was noted for the APAP-mediated liver protection. This combination led to a marked alleviation of the APAP-mediated liver damage, as noted by a decrease in the liver enzymes and by a marked histological improvement.

Alpha-tocopherols elicit hepatoprotective effects against DILI through the activation of an antioxidant response.[@b43] Vitamin E administration prior to APAP administration exerts a hepatoprotective effect.[@b44] In our study, vitamin E exerted only a mild protective effect. This is in line with the previous data showing that the use of antioxidants such as alpha lipoic acid does not protect the liver fully from APAP-induced acute toxicity.[@b45]

A beneficial effect of glycosphingolipids was also shown for the statin-mediated liver injury. Both the oral and IP administration of GC was associated with a significant decrease in the ALT and AST serum levels and with a marked decrease in cell necrosis of the liver. The noted beneficial effects in the present study were associated with a decrease in intrahepatic NKT and splenic CD3^+^CD8^+^ subsets of lymphocytes, a decrease in IL17, and an increase in the TGF-β serum levels. Statins have antiinflammatory effects.[@b46] The dendritic cells treated with atorvastatin are induced into tolerogenic dendritic cells, increasing the NKT, inhibiting the CD4^+^ T cell proliferation, and decreasing the levels of IFN-γ, TNF-α and IL17.[@b47] Whether the statin-mediated NKT increase is associated with the statin-mediated live damage remains to be shown.

The GC-mediated liver protection was associated with an increase in STAT3 phosphorylation. Statins reduce this IL6-induced phosphorylation of STAT3 in hepatocytes.[@b48] The STAT3 pathway is protective in murine models of APAP intoxication, and the administration of recombinant STAT3-activating cytokines was suggested as a therapeutic approach.[@b49] The protective effect of IL22 from APAP-mediated hepatotoxicity was dependent on STAT3.[@b50]

In summary, β-glycosphingolipids exert a hepatoprotective effect on APAP- and statins-mediated liver damage. Vitamin E was shown to exert a synergistic effect to that of GC. The generation of "safer drug" formulations, which include the active molecule with a hepatoprotective adjuvant, may provide an answer to the real unmet need of DILI.

This work was supported in part by a grant from the Roaman-Epstein Liver Research Foundation (to YI).

ALT

:   alanine aminotransferase

APAP

:   acetaminophen

AST

:   aspartate aminotransferase

DILI

:   drug-induced liver injury

GC

:   β-glucosylceramide

IFN-γ

:   interferon-gamma

IL

:   interleukin

IP

:   intraperitoneally

NAC

:   N-acetylcysteine

NAPQI

:   N-acetyl-p-benzoquinone imine

NKT

:   natural killer T cell

PBS

:   phosphate-buffered saline

PO

:   per os

TGF-β

:   transforming growth factor-beta

TNF-α

:   tumor necrosis-alpha

[^1]: The authors have no conflict of interests related to this publication.

[^2]: Conducted the experiments (MM, TA, GL, DN, MEH, ABY, YL, YS, DK LZ), designed the studies and review the data and prepared the manuscript (MM, TA, GL, ABY, YI).
